The low-lying structure of neutron-rich odd-mass Kr isotopes is studied within the interacting boson-fermion model (IBFM) based on the Gogny-D1M energy density functional (EDF). The (β, γ)-deformation energy surfaces, spherical single-particle energies and occupation probabilities of the odd-mass systems are obtained using the constrained Hartree-Fock-Bogoliubov (HFB) approximation. Those quantities are used as a microscopic input to determine most of the parameters of the IBFM Hamiltonian. The remaining parameters are specifically tailored to the experimental spectrum for each of the studied odd-mass nuclei. A gradual structural evolution is predicted for the odd-mass isotopes 87−95 Kr as a function of the nucleon number which, agrees well with the gradual growth of collectivity observed experimentally in the neighboring even-even isotopes.
I. INTRODUCTION
The neutron-rich nuclei in the mass region A ≈ 100 exhibit a rich variety of nuclear structure phenomena, such as quantum phase transitions [1] associated to ground state shape evolution or the presence of shape coexistence [2] . In particular, the neutron-rich Kr (Z = 36) isotopes have recently attracted much attention because of their shape evolution with neutron number. For instance, at variance with the neighboring even-even Sr (Z = 38) and Zr (Z = 40) nuclei, where a rapid structural change has been suggested around N = 60 [3] [4] [5] , the shape transition is rather moderate in the Kr isotopic chain [6] . A number of experiments, using radioactive beams, have already been devoted to the study and characterization of the properties of neutron-rich even-even Kr isotopes [6] [7] [8] [9] [10] . Nuclei of this region of the nuclear chart have also been studied within several theoretical frameworks (see, for example, [3, 6, [8] [9] [10] [11] [12] [13] [14] [15] , and references therein).
Spectroscopic data are also available for neutron-rich odd-mass Kr nuclei like 91 Kr [16] , 93 Kr [17] and 95 Kr [18] . However, from a theoretical point of view, those odd-mass systems have not yet been as much studied as the even-even ones. This is because the description of odd-mass systems tends to be cumbersome, as it requires to treat both the single-particle and collective degrees of freedom on an equal footing [19] . For example, within the energy density functional (EDF) framework, the need to consider blocked one-quasiparticle wave functions [20] is what complicates the description of odd-mass nuclei. Those blocked wave functions break time-reversal invariance which requires the evaluation of time-odd fields to solve the corresponding Hartree-Fock-Bogoliubov (HFB) equations. Furthermore, due to the (nonlinear) selfconsistent character of the HFB equations, there is no guarantee to obtain the lowest energy solution by blocking the quasiparticle with the lowest one-quasiparticle excitation energy of the neighboring even system. Therefore, the blocking procedure has to be repeated starting from several different low-lying one-quasiparticle states of the neighboring nuclei. From what has already been mentioned, it is clear that alternative routes should be explored to afford the computational cost of the EDF description of odd-mass nuclei. Within this context, the so called Equal Filling Approximation (EFA) [11, 21] has emerged as a useful tool for microscopic studies of oddmass nuclei (see, for example, [22, 23] , and references therein). Though the HFB-EFA alleviates the computational effort required to study medium and heavy oddmass nuclei, it still provides limited access to their spectroscopic properties.
In this paper, we consider the spectroscopy of neutronrich odd-mass Kr isotopes. To this end, we have resorted to a method [24] that combines the advantages of both the energy density functional (EDF) framework and the ones of the interacting boson-fermion model (IBFM) [25] . The deformation energy surfaces for the neighboring even-even nuclei as well as the single-particle energies and occupation probabilities for the odd-mass systems, are computed using the (constrained) self-consistent meanfield (SCMF) approximation. Those quantities are then used as a microscopic input to determine most of the corresponding IBFM Hamiltonian. A few remaining parameters, i.e., coupling constants for the boson-fermion interaction, are then specifically fitted to reproduce experimental spectra in each odd-mass nucleus. The method allows a systematic and efficient description of the spectroscopic properties of odd-mass nuclei in various mass regions [26, 27] . In this study, we have considered 87,89,91,93,95 Kr which are the heaviest odd-mass Kr isotopes for which experimental data for excitation spectra are available. Calculations for even-even Kr isotopes, have already been carried out in Refs. [6, 8, 15] using an interacting boson model (IBM) based on the Gogny-EDF. It has been shown, that the even-even nu-clei 86−94 Kr undergo a gradual transition from nearly spherical to γ-soft and then to oblate shapes with increasing neutron number. Those results point to a moderate growth of collectivity as observed in the experimental data [6] .
Recent experimental studies as well as EDF-based calculations [12, 15] have suggested that shape coexistence is likely to occur in the even-even Kr isotopes beyond the mass number A = 96. In order to study those nuclei, intruder configurations associated with different nuclear shapes have to be introduced within the IBM formalism [8, 15] . However, as shown below, shape coexistence plays a minor role for the even-even core nuclei 86−94 Kr considered in this work and therefore there is no need in our IBFM calculations to consider intruder configurations as it would be the case for those isotopes with A ≥ 96.
The low-lying structure of the N = 53 isotones 85 Ge, 87 Se and 89 Kr has been studied in Ref. [28] within the IBFM-2 phenomenology. Aside from that study, and to the best of our knowledge, the IBFM framework has rarely been applied to the mass region A ≈ 100 beyond the neutron number N = 50. Perhaps, this is because only recently experimental data have become available for both even-even and odd-mass nuclei in this region. Therefore, one of the aims of this study will be to test the validity of employed theoretical framework in the description of neutron-rich odd-mass isotopes in the mass region A ≈ 100 .
The paper is organized as follows. In Sec. II, we briefly describe the theoretical scheme used in this work. In Sec. III, we review some key results for even-even Kr isotopes. Then in Sec. IV, we discuss the spectroscopic properties for odd-mass Kr nuclei. In particular, we consider the systematic of the low-energy yrast levels, detailed level schemes for individual nuclei, B(E2) and B(M 1) transition strengths, spectroscopic quadrupole and magnetic moments. Finally, Sec. V is devoted to concluding remarks and work perspectives.
II. THEORETICAL PROCEDURE
In this section we briefly outline the theoretical framework used in this study. For a more detailed account, the reader is referred to Refs. [24, 26] .
The IBFM HamiltonianĤ IBFM consists of the neutronproton IBM (IBM-2) HamiltonianĤ B , the single-particle fermion HamiltonianĤ F , and the boson-fermion interaction termĤ BFĤ IBFM =Ĥ B +Ĥ F +Ĥ BF .
(
The IBM-2 termĤ B is comprised of the neutron (proton) s ν and d ν (s π and d π ) bosons, which are associated with collective pairs of valence neutrons (protons) with spin J = 0 + and 2 + , respectively [29] , outside the 78 Ni double-magic core. We have used the same HamiltonianĤ B as in Refs. [6, 8] , where the (β, γ)-deformation energy surfaces have been computed using the constrained Hartree-Fock-Bogoliubov (HFB) method [30] based on the parametrization D1M of the Gogny-EDF [31, 32] . The corresponding mean-field (β, γ)-deformation energy surfaces are then mapped onto the expectation value of the IBM-2 Hamiltonian [33, 34] . This procedure determines the values of the Hamiltonian parameters (see, [8] ). For the fermion valence space, we have taken the 3s 1/2 , 2d 3/2 , 2d 5/2 , and 1g 7/2 orbitals of the whole neutron major shell N = 50 − 82 to describe positive-parity states in the studied odd-mass Kr nuclei. Since there is no experimental information about negative-parity states for the considered odd-mass Kr nuclei, we restrict our discussion to the positive-parity ones in this paper.
TheĤ BF interaction term is taken from [25] :
The first term represents the quadrupole dynamical term, given by the product of a strength constant Γ ν times the boson quadrupole operator for proton bosonsQ (2) π times the fermion quadrupole operator for the odd neutron q (2) ν . The latter is given bŷ
where
The γ jj matrix element is the product of occupancy factors (v j and u j ) of the fermion orbitals times the matrix element of the quadrupole operator in the single particle basis Q jj = j||Y (2) ||j . The second term in Eq. (2) is the exchange interaction with strength Λ ν . It accounts for the fact bosons are built from nucleon pairs. For the operator V πν we have used the expression
As can be seen from Eq. (4),V πν should be considered when the neutron boson number satisfies N ν = 0. Therefore, it is omitted for the semi-magic nucleus 87 Kr for which N ν = 0. The third term in Eq. (2) is the monopole interaction with strength A ν . In the same equation,n dν is the number operator for neutron d bosons. On the other hand, n ν readsn
The boson-fermion HamiltonianĤ BF of Eq. (2) can be justified from microscopic considerations [25, 35] : both the quadrupole dynamical and exchange terms act predominantly between protons and neutrons (i.e., between odd neutron and proton bosons), while the monopole interaction acts between like-particles (i.e., between odd neutron and neutron bosons). The single-particle energies j and the occupation probabilities v 2 j for the odd neutron at orbital j, have been obtained via Gogny-HFB calculations constrained to zero quadrupole moment [26] . The coupling constants Γ ν , Λ ν and A ν have been fitted to reproduce the lowest-lying positive-parity levels for each of the considered odd-mass nuclei [24] . Their values, together with j and v 2 2 , are listed in Table I . Let us make some remarks on the results shown in Table I: • For the sake of simplicity, a constant value Γ ν = 0.80 MeV has been used for 89−95 Kr. We have verified, that the calculated excitation energies are not very sensitive to this parameter.
• Fig. 3 ).
• For 91,93,95 Kr, the monopole term was not introduced for the 2d 5/2 orbital. This is because the SCMF single-particle energy of the 2d 5/2 orbital turned out to be too low (≈ 1.7 MeV) as compared to the one for the 3s 1/2 orbital.
The diagonalization of the IBFM-2 Hamiltonian provides both excitation energies and wave functions. Those IBFM-2 wave functions have been employed to computed the B(E2) and B(M 1) transition rates as well as the spectroscopic quadrupole Q(J) and magnetic µ(J) moments. The E2/M1 transition operator is the sum of a boson and a fermion part
For the boson E2 operator we have assumed the form T 
with g τ B andL τ (τ = ν, π) being the neutron/proton boson g-factor and angular momentum operator, respectively. We have employed the standard values, g
is defined in Ref. [26] . For the fermion g-factors, we have adopted g l = 0 µ N , and the free value of g s has been quenched by 30 %. For a more detailed account, the reader is referred to Refs. [6, 8, 15] .
III. RESULTS FOR EVEN-EVEN KR NUCLEI
In Figure 1 we have plotted the (β, γ) Gogny-D1M energy surfaces obtained for 88−94 Kr. In the case of 86 Kr the energy surface, not included in the figure, exhibits a spherical global minimum. As can be seen from the figure, the global minimum evolves from nearly spherical ( 88 Kr) to pronounced γ-soft ( 90,92 Kr) and then to oblate ( 94 Kr). As already mentioned, for all the nuclei depicted in the figure, no distinct secondary minimum has been obtained.
In Fig. 2 we have plotted the 2 As can be seen from panel (a), the 2 + 1 excitation energies predicted within the (mapped) IBM-2 framework nicely follow the experimental ones. Both the theoretical and experimental R 4/2 , shown in panel (b), are located in between the U(5) and O(6) limits for most of the nuclei, and gradually increase as functions of the neutron number. This confirms the smooth onset of collectivity observed experimentally [6] . For the N = 50 nucleus 86 Kr, the experimental R 4/2 ratio is much smaller than the vibrational limit of 2.0. Such a feature, typical of spherical nuclei where single-particle dynamics is dominant, cannot be reproduced by the IBM-2, since it is built only on collective pairs. 
IV. RESULTS FOR ODD-MASS KR NUCLEI
In this section, we discuss the results of our calculations for the studied odd-mass Kr isotopes. In Sec. IV A, we consider the systematic of the low-energy yrast levels. Detailed level schemes are discussed in Sec. IV B. Finally, in Sec. IV C, we discuss electromagnetic properties such as the B(E2) and B(M 1) transition strengths as well as spectroscopic quadrupole and magnetic moments.
A. Systematic of excitation energies
In Fig. 3 we have depicted the excitation spectra for the low-energy positive-parity yrast states in 87−95 Kr as functions of the mass number. In most cases, experimental data are only available for those states in the vicinity of the ground state. As can be seen, the predicted spectra agree reasonably well with the experimental ones. From  Fig. 3 Kr. Both the experimental and theoretical spectra are shown up to around an excitation energy of 3 MeV. For a given spin J the lowest two levels are plotted. The fractions of the 3s 1/2 , 2d 3/2 , 2d 5/2 and 1g 7/2 configurations in the IBFM-2 wave functions, corresponding to the low-lying states of the studied odd-mass nuclei, are given in Table II . Figure 4 depicts the energy spectra for 87 Kr. The experimental results are well reproduced within our approach. As can be seen from Table II 
2.
89 Kr
The experimental information is very scarce for 89 Kr. Its ground state has been tentatively assigned to J π = 3/2( + ) and a 5/2 + level has been found just 29 keV above it. Moreover, this 5/2 + state and the 9/2 + one at 982 keV, have been interpreted [36] as the members of the ∆J = 2 band based on the neutron 2d 5/2 orbital coupled to the 90 Kr core. Our calculations predict the 3/2 Kr is compared with the available experimental data Ref. [36] . Energy levels in parenthesis have not been established experimentally. Kr. In the case of 91 Kr, our calculations reproduce the experimental results as well as the results of large-scale shell-model calculations [16] . However, within the shell model, neutrons predominantly occupy the 2d 5/2 orbital for all the observed states in 91 Kr. This is somewhat at variance with our results where, the 7/2 + 1 state is composed of the 2d 3/2 (37 %) and 1g 7/2 (59 %) configurations (see , Table II ).
4.
93 Kr
For 93 Kr, in Fig. 7 , we conclude that the agreement with the experimental spectrum is reasonable. As in the case of 91 Kr, the 7/2 the results shown in Table II , one realizes that in our calculations, the four single-particle configurations are significantly mixed in the J = 1/2 
C. Electromagnetic properties
The experimental information on the electromagnetic transition rates of the studied odd-mass Kr isotopes is rather scarce. Moreover, our choice of effective charges, especially for the E2 transition operator, might not necessarily be the optimal one. Therefore, in this section we will only discuss the systematic of the B(E2) and B(M 1) values between a few lowest states as functions of the nucleon number. (e) 9/2
Theo. Expt. 91 Kr, some B(E2) decay patterns should be sensitive to the detailed nuclear structure at low energy, and the irregularity such as those observed in Figs. 9(b) and 9(c) could easily occur. The B(M 1) transition rates are depicted in Fig. 10 .
A few experimental values are available [38] for the spectroscopic quadrupole Q(J) and magnetic µ(J) moments. Those moments are plotted in Fig. 11 
V. SUMMARY AND CONCLUDING REMARKS
In this paper, we have studied the spectroscopic properties of neutron-rich odd-mass isotopes 87−95 Kr within the IBFM-2 framework based on the Gogny-D1M EDF. The (β, γ)-deformation energy surfaces for the even-even boson-core nuclei 86−94 Kr, spherical single-particle energies and occupation probabilities of the odd-mass systems have been obtained using the constrained HFB approximation. Those quantities have then been employed as a microscopic input to obtain most of the parameters of the corresponding IBFM-2 Hamiltonian. The remaining parameters for the boson-fermion interaction have been fitted to the experimental spectrum for each odd-mass nucleus.
The evolution of the excitation spectra and electromagnetic properties for the studied odd-mass isotopes suggests a gradual change in the deformation of the corresponding intrinsic states. This agrees well with the shape/phase transition already observed in the neighboring even-even systems [6] . We have analyzed in detail the low-lying levels and the corresponding wave functions for each of the considered isotopes. Our results illustrate that the IBFM-2 framework, which has rarely been applied to this mass region, can be used as a computationally feasible tool to access the spectroscopic properties of neutron-rich odd-mass nuclei.
We have restricted ourselves to Kr isotopes with mass A ≤ 95. This is partly because the experimental data, required to fit the boson-fermion parameters, are not yet available for larger mass numbers. On the other hand, a theoretical framework that couples odd-nucleon degrees of freedom to the IBM core, including intruder configurations associated with different intrinsic shapes, is still required to describe odd-mass systems beyond A = 96 for which, shape coexistence is expected to play a key role. Work along these lines is in progress and will be reported elsewhere.
